Abstract-This paper presents the development of hardware testbed for implementing grid connected wind-solar power system. A solar simulator using halogen lamp is employed to simulate the sun irradiation. The wind power simulator is developed by coupling the DC motor and the DC generator. A grid tie inverter is employed to connect the power from the solar and wind power system with the grid system. The experimental results show that the developed testbed could be used for testing the hybrid power system in the real hardware.
I. INTRODUCTION
ecently, the use of wind and solar as the power generation is increasing rapidly, either operated in isolated mode or connected to the grid. Since the availability of wind and solar power fluctuate according to the environments (sun and wind), the electrical connection to the grid should be designed properly [1] - [12] .
In the grid-connected system, grid synchronization is a complicated problem, due to the requirement of phase and voltage synchronization of AC grid system. To simplify the system, the DC load was proposed in [1] . In the system, the diode switching unit was employed to supply the DC load from various power sources, i.e the grid and the battery (from solar power system). The battery was charged by the charger unit equipped with a MPPT (Maximum Power Point Tracking) to get the maximum energy from the solar panel.
In [2] , the hybrid solar -wind power systems were designed to operate either in the connected with the grid and stand-alone mode. A grid inverter was developed for operating in both modes. In [3] , [4] , [5] , solar and wind power systems were connected via the DC bus, then injected to the AC grid using inverter. In [6] , [7] , the wind power, solar power and the grid were connected using AC bus.
Due to the complicated and high costs for implementing the hybrid power systems, most works described previously implemented and tested the algorithms using the simulation systems [3] - [6] , [8] - [12] . In [2] , the hybrid wind-solar power system was implemented on the laboratory scale. The system consisted of 600 Watt wind generator and 400 Watt solar panel. In this paper, we develop a testbed for implementing the hybrid wind-solar power system. The wind power system is simulated using a generator coupled with a motor. While the solar power system is simulated using the halogen lamp and solar panel. The grid-tie inverter is employed to connect the renewable energy resources to the grid. The objective of research is to test the functionality and performance of the hardware testbed for implementing the grid-connected Wind-PV system.
II. SYSTEM ARCHITECTURE
The architecture of hybrid power system is shown in Fig. 1 . There are two renewable energy resources, i.e. PV power generator and wind power generator. The PV power generator system consists of a solar power simulator, a charge controller, a battery, and a grid-tie inverter. The wind power generator system consists of a wind power simulator, a charge controller, a battery, and a grid-tied inverter. As shown in the figure, all power resources (PV, wind power, and grid) and the load are connected via the AC line. The components of each sub-system are described in the following. To simulate the sun irradiation, a halogen lamp is employed. The halogen lamp is effective to simulate the sun irradiation as proposed in [13] . The hardware of PV and halogen lamp is illustrated in Fig. 2 . In the experiments, the distance between halogen lamp and solar panel is varied to change the irradiation, yields in the changing of power generated by the solar panel. 
B. Wind Power Simulator
The wind power simulator is depicted in Fig. 3 . It consists of a DC generator whose axis is coupled with a DC motor. The specification of DC motor and generator is as follows:
-Non gearbox -Permanent magnet -Speed : 1000 rpm -Voltage : DC 12V-18V -Current : 15A Using the arrangement, the power output of generator could be varied by changing the speed of motor coupled with it.
C. Charge Controller
Charge controller is employed to control the charging process to the battery. The charge controller used here is Tracer-BN Series MPPT Solar Charge Controller [14] . The MPPT (Maximum Power Point Tracking) technique employed in the controller ensures that the solar panel always operates in the maximum power, thus the power extracted from the PV is always maximum.
The MPPT technique is illustrated in Fig. 4 [14] . In the figure, the shaded green area is the operating area of the conventional PWM charge control. While the MPPT technique tracks the system to move the operating point to MPP point. In this point, the power is the maximum one (see power curve in Fig. 4) . 
III. EXPERIMENTAL RESULTS

A. Solar Power Simulator Measurement 1) Measurement of PV output due to the sun lighting
The measurement of PV output due to the sun lighting is conducted to measure the PV power output when illuminated by the sun. In the experiment, the PV is placed in outdoor from 09:00 to 15:00 and the measurement is conducted in 30 minutes interval. Two PV units are connected in series and the output is connected to the MPPT charge controller. The battery is connected to the output of the MPPT charge controller. The sun irradiation is measured using the Solar Power Meter The measurement result is listed in Table I . From the table, it is obtained that the maximum power output is 88.1 Watt, i.e. when the sun irradiation is 820 Watt/m 2 . It is noted that the measurements of voltage, current, and power are read from the meter of charge controller. Therefore, due to the accuracy of the instrument, the power output is not exactly equally with the multiplication of the voltage and the current shown in the table.
2) Measurement of PV output due to the halogen lamp lighting
The power output of PV when it is illuminated by the halogen lamp is listed in Table II . From the table, it is obtained that the maximum power output is 11.9 Watt, i.e., when the irradiation is 889 Watt/m 2 . The comparison of PV output due to the sun lighting and the halogen lamp lighting is given Table   III . In the table, the comparison is performed according to the closest values of irradiation. The results show that for the same (close) value of irradiation, the power output of PV when illuminated by the halogen lamp is lower (about 1/6) of the one by the sun. It could be understood from the fact that the Solar Power Meter used to measure the irradiation measures the irradiation level without considering the spectrum of the light. Since the energy extracted by the PV is affected by the spectrum of the light (sun light), the power generated by PV when illuminated with the halogen lamp is lower than the one with the sun, even the irradiation level is the same. 
B. Wind Power Simulator Measurement
The experiment on wind power simulator is conducted by connecting the output of generator to the charge controller, where its output is connected to the battery. In the experiment, the speed of motor coupled with the generator is varied to simulate the wind's speed. The result is given in Table 4 . While the graph of power output vs the motor speed is shown in Fig.  6 . From the figure, it is obtained that the relationship between the DC motor speed and the power output of generator is almost linear. However, the power output is still small (below than 10 Watt). 
C. Load Flow Measurement
The load flow measurement is conducted by connecting the grid tie inverters to the grid and measuring the power on each side (line). The aim of this measurement is to verify that the grid tie inverter works properly by penetrating the power to grid. In the experiments, the load power is varied as shown in Table V . In the table, the appendix (R) means that the grid receives the power. From Table V , we can observe several cases as follows. In case-2, when the load power is 108 Watt, the power supplied by solar generator and wind generator is 123 Watt and 170 Watt respectively. While the grid receives the power of 182 Watt. The power delivered to the grid is 123 + 170 = 293 Watt. While the power received by the grid and the load is 108 + 182 =290 Watt. Thus the power of 3 Watt is lost in the system. It may be absorbed by the grid tie inverters.
In case-5, the load power is 442 Watt. In this case, three energy resources (grid, solar power, and wind power) deliver the power to the load. Thus total power delivered is 158 + 116 + 167 = 441 Watt. There is a power loss of 1 Watt in the system.
The results in Table V show that the grid tie inverter works properly, in the sense that it is able to synchronize with the grid for delivering the power to the load.
IV. CONCLUSION
The hardware testbed for implementing the hybrid windsolar power system was developed. The developed solar simulator and the wind simulator could be employed to simulate the varying conditions of those power generator systems. Further, the grid tie inverter used in the work was able to deliver the power from the solar power and the wind power to the grid system.
In future, the system will be expanded by implementing various algorithms in the hybrid power system. The capacity and complexity of hybrid system will be improved.
